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Abstract
The topcolor scenario predicts the existences of some new scalars. In this paper,
we consider the contributions of these new particles to the observables, which are
related to the top quark pair (tt) production at the LHC. It is found that these new
particles can generate significant corrections to the tt¯ production cross section and
the tt¯ spin correlations.
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1. Introduction
Searching for the standard model (SM) Higgs boson is one of the main tasks of the
large hadron collider (LHC), which has a considerable capability to discover and measure
almost all of its quantum properties [1]. However, if the LHC finds evidence for a new
scalar state, it may not necessarily be the SM Higgs boson. Most of the new physics
models beyond the SM predict the existence of new scalar states. These new particles may
produce contributions to some physical observables. Thus, studying the possible signals
of the new scalar states at the current and near future high energy collider experiments is
of special interest, which will be helpful to test the SM and further to differentiate various
kinds of new physics models.
To completely avoid the problems of triviality and hierarchy arising from the elemen-
tary Higgs field in the SM, various kinds of dynamical electroweak symmetry breaking
(EWSB) models have been proposed. Among these new physics models, topcolor scenario
is attractive because it can explain the large top quark mass and provides a new possible
EWSB mechanism [2]. The main features of this kind of model are: EWSB is mainly
driven by the technicolor interaction, the masses of the light quarks and leptons and a very
small portion of the top quark mass are generated by the extended technicolor interaction.
The topcolor interaction gives the main part of the top quark mass and makes small con-
tributions to EWSB. Topcolor scenario generally predicts a number of new scalar states at
the electrowake scale: three top-pions (π±t , π
0
t ), a top-Higgs boson(h
0
t ), and a techni-Higgs
boson (h0tc). Some of these new particles couple preferentially to the third generation
fermions and might produce significant contributions to the physical observables related
to the top quark.
The top quark with a mass of the order of the electroweak scale is the heaviest elemen-
tary particle discovered to date, which is singled out to play a key role in probing the new
physics beyond the SM [3]. An important property of the top quark is that, compared
to lighter quarks, its lifetime is extremely short so that its properties are not polluted by
the hadronization process. In the absence of hard gluon radiation, top quark polarization
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is conserved, its spin information can be transferred into its decay products. This infor-
mation can be used to study the Lorentz structure of interaction vertices involved in top
quark production and decay.
At the LHC, a large number of top quarks will be produced every year. This fact
makes that it is possible to measure the observables that depend on the top quark spin
and the top quark properties with high precision at this facility, which will provide a good
probe for tests of the SM and for searches of new physics beyond the SM. For hadronic top
quark pair (tt¯) production, spin correlations have been extensively studied in the quantum
choromodynamics (QCD) [4, 5, 6]. If the new particles have sizable couplings to the top
quark, then they can produce contributions to the tt¯ spin correlations. Effects of new
physics on the tt¯ spin correlations have been studied at the e+e− collider [7], the photon
collider [8], and the hadron colliders [9]. In this paper, we consider the contributions of
the scalar particles predicted by the topcolor scenario to the tt¯ production at the LHC and
further discuss their effects on the tt¯ spin correlations. We find that these new particles
can indeed give significant contributions to the tt¯ production cross section and sizable
deviation of the tt¯ spin correlations from the SM prediction are possible with reasonable
values of the free parameters.
The topcolor-assisted technicolor (TC2) model [10] is one of the phenomenologically
viable models, which has almost all essential features of the topcolor scenario. So, in the
rest of this paper, we will give our numerical results in detail under this model. In the
following section, we will give the relevant formula for our calculation. The numerical
results and a short discussion are shown in the last section.
2. The relevant calculation formula
For the TC2 model [10], technicolor (TC) interactions play a main role in breaking the
electroweak symmetry. Topcolor interaction makes small contributions to EWSB, and
gives rise to the main part of the top quark mass, (1− ε)mt, with the parameter ε ≪ 1.
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Thus, there is the relation
ν2π + F
2
t = ν
2
w, (1)
where νπ represents the contributions of TC interactions to EWSB, νw = ν/
√
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Figure 1: Feynman diagrams for the partonic processes i→ tt¯ (i = gg and qq¯) in the TC2
model.
174GeV . Here Ft ≃ 50GeV is the physical top-pion decay constant, which can be esti-
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mated from the Pagels-Stokar formula. The scalar particles predicted by the TC2 model
are bound-states of the techni-fermions and of top quark, bottom quark, which are the
techni-Higgs boson (h0tc), top-pions (π
±
t , π
0
t ), and top-Higgs boson (h
0
t ).
As it is well known that, in the TC2 model, topcolor interaction is not flavor-universal
and mainly couple to the third generation fermions. Thus, the couplings of the top-
pions (π±t , π
0
t ) to the three family fermions are non-universal and they have large Yukawa
couplings to the third family. The couplings of these new scalar particles to the third
family quarks can be written as [10, 11]:
mt√
2Ft
√
ν2w − F 2t
νw
(iKtt∗ULK
tt
URt¯LtRπ
0
t +
√
2Ktt∗URK
bb
DLt¯RbLπ
+
t +
iKtt∗ULK
tc
URt¯LcRπ
0
t +
√
2Ktc∗URK
bb
DLc¯RbLπ
+
t + h.c.), (2)
where the factor
√
ν2w − F 2t /νw reflects the effect of the mixing between the top-pions and
the would be Goldstone bosons [12]. To yield a realistic form of the CKM matrix VCKM ,
it has been shown that the values of the matrix elements KijUL(R) can be taken as [13]:
KttUL ≈ KbbDL ≈ 1, KttUR ≈ 1− ε, KtcUR ≤
√
2ε− ε2. (3)
The relevant couplings for the top-Higgs boson (h0t ) are similar to those of the neutral
top-pion π0t [13]. However, for the techni-Higgs boson h
0
tc, it is not this case. Its coupling
to the top quark pair tt¯ is very small, which is proportionate to the factor ε/
√
2 [14].
Furthermore, the mass of h0tc is at the order of 1TeV . Thus, compared to the top-Higgs
and the top-pions, the contributions of the techni-Higgs to the tt¯ production can be
neglected.
At hadron colliders, the top quark pair tt¯ is produced through the partonic processes
of quark-antiquark pair annihilation and gluon fusion:
i→ t+ t¯, i = gg, qq¯. (4)
Where q denotes u, c, d, s, or b quark. It is well known that the former is the dominate
process at the LHC. In the context of the TC2 model, the Feynman diagrams for these
partonic processes are depicted in Fig.1. The black dot in Fig.1 represents the effective
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gtt¯ vertex induced by the new scalar particles (π±t , π
0
t , h
0
t ), as shown in Fig.2. Note that
the boson in each loop denotes a neutral top-pion, top-Higgs or a charged top-pion, while
the fermion in each loop can be a top or bottom quark depending on the involved boson
being neutral or charged.
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Figure 2: Feynman diagrams for the effective vertex gtt¯ in the TC2 model.
The invariant amplitudes for the partonic processes g(p1)g(p2)→ t(k1, st)t¯(k2, st¯) and
q(p′1)q¯(p
′
2)→ t(k1, st)t¯(k2, st¯) contributed by the neutral top-pion or the top-Higgs can be
written as follows:
Ma = g
2
sT
afabc(p1 − p2)σǫµ(p1)ǫν(p2) gµν
(p1 + p2)2
u¯(k1, st)[Aaγ
σ + iBaσ
σα(p1 + p2)α
+Ca(γ
σ − 2mt
(p1 + p2)2
(p1 + p2)
σ)]ν(k2, st¯); (5)
Mb = −ig2sT aT bv¯(p′1)γµu(p′2)
gµν
(p′1 + p
′
2)
2
u¯(k1, st)[Abγ
ν + iBbσ
να(p′1 + p
′
2)α
+Cb(γ
σ − 2mt
(p′1 + p
′
2)
(p′1 + p
′
2)
σ)]ν(k2, st¯); (6)
Mc = −ig2sT aT bǫµ(p1)ǫν(p2)u¯(k1, st)[Acγµ +Bc(k1 − p1)µ 6p1 + Cc(k1 − p1)µγ5
+Dc(k1 − p1)µ 6p1γ5 + Ec(k1 − p1)µ + Fcγµγ5 +Gc 6p1γµ +Hc 6p1γµγ5]
( 6k1− 6p1 +mt)
(k1 − p1)2 −m2t
γνν(k2, st¯); (7)
Me = −ig2sT aT bǫµ(p1)ǫν(p2)u¯(k1, st)γµ
( 6k1− 6p1 +mt)
(k1 − p1)2 −m2t
[Aeγν +Be(k1 − p1)ν 6p2
+Ce(k1 − p1)νγ5 +De(k1 − p1)ν 6p2γ5 + Ee(k1 − p1)ν + Feγνγ5
+Ge 6p2γµ +He 6p2γµγ5]ν(k2, st¯); (8)
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Mg = g
2
sT
aT bǫµ(p1)ǫ
ν(p2)u¯(k1, st)γµ
6k1− 6p1 +mt
(k1 − p1)2 −m2t
[Σ˜( 6k1− 6p1) + ( 6k1− 6p1)
(δZV − δZAγ5) +mtδmt] 6k1− 6p1 +mt
(k1 − p1)2 −m2t
γνν(k2, st¯); (9)
Mi = −g2sǫµ(p1)ǫν(p2)[Aigµν +Bi(p2 − p1)µ(p2 − p1)ν + Ci(p2 − p1)µp1ν
+Di(p2 − p1)µ(p1 + p2)ν + Ei(p1 + p2)µ(p2 − p1)ν + Fi(p1 + p2)µp1ν
+Gi(p1 + p2)µ(p1 + p2)ν +Hi(p1 + p2)
µ(p1 + p2)
νεµανσ + Ii(p1 + p2)µp1ν
+Ji(p1 + p2)
αpσ1εµανσ]
1
(p1 + p2)2 −m2t
u¯(k1, st)(gV + gAγ5)ν(k2, st¯). (10)
Here gs is the QCD coupling constant, T
i stands for the color generator. k1(st) and k2(st¯)
denote the momentum(spin) of the top and anti-top quark, respectively.
For the renormalization of the ultraviolet divergences appearing in the evaluation of the
vertex and fermion self-energy corrections, we have used the on-mass-shell renormalization
scheme. The wave function renormalization constants can be determined from the top
quark self-energy diagrams, which can be written as:
Σ˜( 6p) = 6p[−(g2A + g2V )B1(p2) + 2gAgVB1(p2)γ5]+mt(g2V − g2A)B0(p2), (11)
with
B1 =
1
2p2
[A0(m
2
t )−A0(M2)− (m2t −M2 + p2)B0], B0 = B0(p2, m2t ,M2). (12)
Here M denotes the mass of the scalar particle and p is the momentum of the top quark
t. A0, and B0 are the well-known one-point, two-point and three point scalar functions
[15], which are given in terms of the Passarino-Veltman scalar functions. The expression
forms of the form factors Ai and Bi, etc have been given in the Appendix A1 ∼ A5. In the
on-shell scheme, the finite parts of the counter terms are determined by the requirement
that the residue of the fermion propagator is equal to one, which fixes the wave function
renormalization constraints δZV , δZA, and δmt. Their expression forms are given in
Appendix A6. The vector- and axis- vector coupling constants gV and gA can be written
as:
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for the neutral top-pion π0t , gV = 0, gA = (1− ε)mt
√
νw − F 2t /
√
2Ftνw;
for the top-Higgs boson h0t , gV = −i(1 − ε)mt
√
νw − F 2t /
√
2Ftνw, gA = 0.
The invariant amplitudes Md, Mf , Mh are same as Mc, Me, Mg, respectively, but
with p1 → p2. Because the expression form of Mj is lengthy, we do not present them
here. Although, compared with the contributions for other diagrams, the contributions of
Fig.1(j) to the tt¯ production are small, our numerical results will include its contributions.
Similar as above, we can give the invariant amplitudes for the partonic processes
gg → tt¯ and qq¯ → tt¯ contributed by the charged top-pions π±t . In order not to make
this paper too long, we do not present their explicit expressions here. However, in our
calculation, we will include the contributions of the charged top-pions.
Using above amplitudes, it is straightforward to calculate the cross section σˆi(sˆ) for the
partonic process i→ tt¯. The corresponding hadronic cross section σi(sˆ) can be obtained
by folding σˆi(sˆ) with the parton distribution functions (PDFs). The differentical cross
section for the total hadronic cross section σ(s) is given by:
dσ(s)
dX
=
∑
i
∫
dx1dx2fi/p(x1, µF )fi/p(x2, µF )
dσˆi(sˆ)
dX
, (13)
where i = qq¯ or gg and X can be chosen to be the tt¯ invariant mass Mtt¯ or the transverse
momentum PT of the top quark. sˆ = x1x2s is the effective center-of-mass (c.m.) energy
squared for the partonic process i→ tt¯. In our numerical calculation, we will use CTEQ6L
PDF [16] for fi/p(x, µF ) and assume the factorization scale µF = mt.
The tt¯ spin correlations manifest themselves in decay angular correlations, which are to
be measured with respect to the chosen reference axes. If the t(t¯) decays semileptonically
t → bl+νl(t¯ → b¯l−νl), the charged lepton l is the best spin analyzer [17]. A useful
observable is the following double differential distribution [4, 5, 6]:
1
σ
dσ2
dcosθℓ+dcosθℓ−
=
1
4
(1 +B1cosθℓ+ +B2cosθℓ− − Ccosθℓ+cosθℓ−). (14)
Where σ is the cross section of the process pp→ tt¯X → l+l−X and θℓ+ (θℓ−) expresses the
angle between the t(t¯) spin axis and the direction of flight of the lepton l+(l−) at the t(t¯)
rest frame. In this paper, we choose the helicity basis to analyze the tt¯ spin correlations
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at the LHC. In this basis, the t(t¯) spin axis is regarded as the direction of motion of the
top (antitop) in the tt¯ center-of-mass system. The coefficients B1 and B2 are associated
with a polarization of the top and antitop quarks, and C reflects the the strength of the
tt¯ spin correlations. In this paper we focus on investigating C, which can be expressed as:
C = −kl+kl−A, (15)
where kl+ and kl− are the t and t¯ spin-analyzing powers and their values can be written
as kl+=−kl−=1 at leading order. The parameter A denotes the double spin asymmetry,
which is defined as:
A = 4
σ(++) + σ(−−)− σ(+−)− σ(−+)
σ(++) + σ(−−) + σ(+−) + σ(−+) , (16)
where σ(+−) denotes the cross section for cos θl+ > 0 and cos θl− < 0, etc.
The total matrix element squared for the process pp → tt¯ + X → l+l− +X is given
by:
|M |2 ∝ Tr[ρl+Riρ¯l− ] = ρl+α′αRiαβ,α′β′ ρ¯l
−
β′β (17)
in the narrow-width approximation for the top quark, where α′α and β ′β are the spin
labels of the t and t¯ quarks, respectively. The matrices ρl
+
and ρ¯l
−
are the density matrices
corresponding to the decays t→ l+ and t¯→ l−, respectively. They can be written as:
ρl
+
α′α =M(tα → bl+νl)M∗(tα′ → bl+νl),
ρl
−
β′β = M(t¯β → b¯l−ν¯l)M∗(t¯β′ → b¯l−ν¯l). (18)
Riαβ,α′β′ is the tt¯ production density matrice through the process i in Eq.(3):
Riαβ,α′β′ =
∑
initial spin
M(i→ tαt¯β)M∗(i→ tα′ t¯β′), (19)
where M(i→ tαt¯β) are the invariant amplitudes given in Eqs.(5)-(10).
In the following section, we will use above formula to calculate some measurable quan-
tities related to the tt¯ production at the LHC.
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3. The numerical results
In our numerical estimation, we will take mt = 172.7GeV , mb = 4.5GeV , and
αs = 0.1074 [18]. Except for these SM input parameters, the contributions of the scalars
predicted by the TC2 model to the tt¯ production cross section are dependent on the
free parameters ε, the masses of the top-pions and top-Higgs. The free parameter ε pa-
rameterizes the portion of the extended technicolor contribution to the top quark mass.
Numerical analysis shows that, with reasonable choice of other input parameters, ε with
order 10−2 ∼ 10−1 may induce top-pions as massive as the top quark [10]. Precise value of
ε may be obtained by elaborately measuring the coupling strength between top-pion/top-
Higgs and top quarks at the next generation linear colliders. From the theoretical point
of view, ε with value from 0.01 to 0.1 is favored. In this paper, we will assume that its
value is in the rang of 0.03 ∼ 0.1. Since the mass splitting between neutral and charged
top-pions is very small, we assume mπ0
t
= mπ±
t
. The top-pion mass is model-dependent
and is usually of a few hundred GeV [2]. About the top-Higgs mass, Ref. [13] gives a lower
bound of about 2mt, but it is an approximate analysis and the mass below tt¯ threshold
is also possible [19]. On the experimental side, the current experiments have restricted
the masses of the charged top-pions. For example, the absence of t → π+t b implies that
π+t > 165GeV [20] and Rb analysis yields mπ+
t
> 220GeV [21]. For the masses of neutral
top-pion and top-Higgs, the experimental restrictions on them are rather weak. So, in our
numerical estimation, we will take mπ0
t
= mπ±
t
= mh0
t
= M and assume that the value of
M is in the range of 200GeV ∼ 450GeV .
To see whether the effects of these new scalar particles on the top quark pair production
can be detected via measuring observables at the LHC, we define the relative correction
parameters as:
R1 = | σtot − σSM
σSM
|, R2 = | Atot −ASM
ASM
|,
R3(PT ) = | dσtot/dpT − dσSM/dpT
dσSM/dpT
|,
R4(Mtt¯) = | dσtot/dMtt¯ − dσSM/dMtt¯
dσSM/dMtt¯
| . (20)
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Here the total tt¯ production cross section σtot includes the contributions coming from both
the SM and the new scalars predicted by the TC2 model. PT and Mtt¯ represent the top
quark transverse momentum and the tt¯ invariant mass, respectively.
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Figure 3: The relative correction parameters R1 and R2 are plotted as functions of the
mass parameter M for three values of the parameter ε.
Our numerical results show that, in the case of mπ0
t
= mπ±
t
= mh0
t
, the contributions
of the neutral top-pion π0t to the relative correction parameters Ri are at the same order
with those for the top-Higgs h0t . However, the contributions of the charged top-pions π
±
t
are smaller than those for π0t or h
0
t at least by one order of magnitude. This is because, for
π±t , the fermion in each loop is bottom quark and furthermore there is no the s-channel
Feynman diagram Fig.1(i). Summing up all of these contributions, we can obtain the
contributions of the scalars predicted by the TC2 model to Ri, as shown in Fig.3 and Fig.4,
in which we have taken the c.m. energy
√
s=14TeV . From these figures one can see that
these scalar particles can indeed produce significant corrections to the observables, which
are related the top quark pair production at the LHC. The correction effects decrease as
the mass parameter M and the parameter ε increasing. In wide range of the parameter
space, the correction effects of the new scalars to the tt¯ production cross section σ(tt¯)
are significant large, and the value of the relative correction parameter R1 is larger than
11
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Figure 4: The relative correction parameter R3(R4) as a function of the transverse
momentum PT (invariant mass Mtt) for ε = 0.05 and three values of the mass
parameter M .
10%, which might be detected at the LHC. For the masses of the scalars equaling to
300GeV and ε = 0.05, the values of the relative correction parameters R3 and R4 are in
the ranges of 9% ∼ 52% and 10% ∼ 17%, respectively. For 200GeV ≤M ≤ 450GeV and
0.03 ≤ ε ≤ 0.09, the values of the parameter R2 is in the range of 14% ∼ 29%. Ref. [22]
has shown that the spin asymmetry A of the top-antitop pairs in the SM will be measured
with a precision of about 6% after one LHC year at low luminosity (10fb−1). Thus, the
correction effects of the scalars to the spin asymmetry A should be detected.
Certainly, the scalar particles predicted by the TC2 models can also produce correction
effects on the observables, which are related the top quark pair production at the Tevatron.
However, since the partonic process qq¯ → tt¯ is the dominate process at the Tevatron, the
contributions of these new particles to the correlative observables are smaller than those
for the LHC. For instance, in wide range of the parameter space of the TC2 model, the
relative correction value of these new scalars to the tt¯ production cross section σ(tt¯) is in
the range of 3% ∼ 11% at the Tevatron.
In conclusion, we have considered the contributions of the new scalars predicted by the
12
TC2 model to the tt¯ production and the tt¯ spin correlations at the LHC. Our numerical
results show that these new particles can generate significant corrections to some correl-
ative observables. The LHC might detect these correction effects in near future. Thus,
one can use the process pp→ tt¯+X to test the possible signatures of these new scalars at
the LHC. Furthermore, most of the new physics models in the topcolor scenario predict
the existence of the neutral and charged scalars, which have similar features as those for
the TC2 model. So our conclusions are apply to the topcolor scenario.
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Appendix :
In this Appendix, we list the form factors of the invariant amplitudes for the partonic
processes g(p1)g(p2) → t(k1, st)t¯(k2, st¯) and q(p′1)q¯(p′2) → t(k1, st)t¯(k2, st¯). The countert-
erms δZV , δZA, and δmt coming from the top quark self-energy contributions are listed
in Appendix A6.
A1. Form factors appearing in Ma
Aa = 1 +
1
16π2
g2A + g
2
V
2m2t
[A0(M
2)− A0(m2t ) + (2m2t −M2)]B0(m2t ,M2, m2t ) +
1
16π2
[(g2A + g
2
V )(M
2 − 2m2t )− (g2A − g2V )2m2t ]B
′
0(m
2
t ) + {−
gV g
∗
V
16π2
{ sˆ
2(sˆ− 4m2t )
+
2
sˆ− 4m2t
[A0(m
2
t )− A0(M2)] +B0(sˆ2, m2t , m2t )
1
2(sˆ− 4m2t )2
[−48m4t + (−16m2t
+16M2 + 14sˆ)m2t + 8m
2
t sˆ− sˆ2 − 2m2t sˆ+ 2M2sˆ] +
1
2(sˆ− 4m2t )2
B0(m
2
t ,M
2, m2t )
[32m4t + (32m
2
t − 32M2 − 6sˆ2)m2t − 8m2t sˆ− 2sˆ(m2t −M2)] +
1
2(sˆ− 4m2t )2
C0(0, m
2
t , p1p2s, m
2
t , m
2
t ,M
2)[48m6t + (32m
2
t − 32M2 − 6sˆ)m4t + (32m3t
−32mtM2 − 24mtsˆ)m3t + (16m4t + 20M2sˆ+ 16M4 − 28m2t sˆ+ 2sˆ2 − 32m2tM2)m2t
+(4mtsˆ
2 − 8m3t sˆ+ 8mtM2sˆ)mt + 2m2t sˆ+ 2m4t sˆ+ 2M4sˆ− 4m2tM2sˆ]} −
gAg
∗
A
16π2
{ sˆ
2(sˆ− 4m2t )
+
2
sˆ− 4m2t
[A0(m
2
t )− A0(M2)] +
1
2(sˆ− 4m2t )2
B0(sˆ
2, m2t , m
2
t )
[16m4t + (16M
2 − 16m2t + 14sˆ)m2t − 8m2t sˆ− sˆ2 − 2m2t sˆ+ 2M2sˆ]
1
2(sˆ− 4m2t )2
B0(m
2
t ,M
2, m2t )[−32m4t + (32m2t − 32M2 − 6sˆ2)m2t + 8m2t sˆ
−2sˆ(m2t −M2)] +
1
2(sˆ− 4m2t )2
C0(0, m
2
t , p1p2s, m
2
t , m
2
t ,M
2)[48m6t
+(32m2t − 32M2 − 6sˆ)m4t + (32m3t + 32mtM2 − 24mtsˆ)m3t
+(16m4t + 20M
2sˆ+ 16M4 − 28m2t sˆ+ 2sˆ2 − 32m2tM2)m2t + (4mtsˆ2 − 8m3t sˆ
+8mtM
2sˆ)mt + 2m
2
t sˆ+ 2m
4
t sˆ+ 2M
4sˆ− 4m2tM2sˆ]}}, (21)
14
Ba =
gV g
∗
V
16π2
{ mt
sˆ− 4m2t
+
1
mt(sˆ− 4m2t )
[A0(m
2
t )−A0(M2)] +B0(sˆ, m2t , m2t )
1
(sˆ− 4m2t )2
[2m3t − 8m3t + (−6m2t + 6M2 + sˆ)mt + 2mtsˆ] +B0(m2t ,M2, m2t , )
1
mt(sˆ− 4m2t )2
[6m4t + (10m
2
t − 10M2 − sˆ)m2t − 2m2t sˆ+ (M2 −m2t )sˆ]
+C0(0, m
2
t , p1p2s, m
2
t , m
2
t ,M
2)
(−2)
(sˆ− 4m2t )2
[5m5t + (2m
2
t + 2M
2 − sˆ)m3t
−(4m2t − 4M2 + sˆ)m3t ] + [−3m4t +m2t (6M2 + sˆ)− 3M4 − 2M2sˆ]mt
+mt(m
2
t −M2)sˆ}+
gAg
∗
A
16π2
{ mt
sˆ− 4m2t
+
1
mt(sˆ− 4m2t )
[A0(m
2
t )− A0(M2)]
+B0(sˆ, m
2
t , m
2
t )
1
(sˆ− 4m2t )2
[2m3t + 8m
3
t + (−6m2t + 6M2 + sˆ)mt − 2mtsˆ]
+B0(m
2
t ,M
2, m2t , )
1
mt(sˆ− 4m2t )2
[−10m4t + (10m2t − 10M2 − sˆ)m2t + 2m2t sˆ
+(M2 −m2t )sˆ] + C0(0, m2t , p1p2s, m2t , m2t ,M2)
(−2)
(sˆ− 4m2t )2
[−3m5t + (2m2t + 2M2
−sˆ)m3t − (4m2t − 4M2 + sˆ)m3t ] + [−3m4t +m2t (6M2 + sˆ)− 3M4 − 2M2sˆ]mt
−mt(m2t −M2)sˆ}}, (22)
Ca = −gV g
∗
A
16π2
{−1 + 1
sˆ− 4m2t
B0(sˆ, m
2
t , m
2
t )(4m
2
t − 2M2 + sˆ) +B0(m2t ,M2, m2t )
(
−2
sˆ− 4m2t
)(4m2t +M
2) + C0(0, m
2
t , p1p2s, m
2
t , m
2
t ,M
2)(
−2
sˆ− 4m2t
)(4m2t +M
2)
[2m4t − (2m2t + 2M2 + sˆ)m2t +M4 − 2m2tM2 +m2t sˆ]}. (23)
Here sˆ = (p1 + p2)
2. C0 is the three point scalar function [15]. We also introduce the
following shorthhand notation:
B
′
0(m
2
t ) ≡
∂
∂P 2
B0(m
2
t ;M
2, m2t ) |p2=m2
t
. (24)
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A2. Form factors appearing in Mb
Ab =
g2A + g
2
V
32π2m2t
[A0(M
2)−B0(m2t ,M2, m2t )A0(m2t ) + (2m2t −M2)] +
1
16π2
[(g2A + g
2
V )
(M2 − 2m2t )− (g2A − g2V )2m2t ]B
′
0(m
2
t ) + {−
gV g
∗
V
16π2
{ sˆ
2(sˆ− 4m2t )
+
2
sˆ− 4m2t
[A0(m
2
t )−A0(M2)] +
1
2(sˆ− 4m2t )2
B0(sˆ
2, m2t , m
2
t )[−48m4t + (−16m2t
+16M2 + 14sˆ)m2t + 8m
2
t sˆ− sˆ2 − 2m2t sˆ+ 2M2sˆ] +
1
2(sˆ− 4m2t )2
B0(m
2
t ,M
2, m2t )
[32m4t + (32m
2
t − 32M2 − 6sˆ2)m2t − 8m2t sˆ− 2sˆ(m2t −M2)] +
1
2(sˆ− 4m2t )2
C0(0, m
2
t , p1p2s, m
2
t , m
2
t ,M
2)[48m6t + (32m
2
t − 32M2 − 6sˆ)m4t + (32m3t
−32mtM2 − 24mtsˆ)m3t + (16m4t + 20M2sˆ+ 16M4 − 28m2t sˆ+ 2sˆ2 − 32m2tM2)m2t
+(4mtsˆ
2 − 8m3t sˆ+ 8mtM2sˆ)mt + 2m2t sˆ+ 2m4t sˆ+ 2M4sˆ− 4m2tM2sˆ]} −
gAg
∗
A
16π2
{ sˆ
2(sˆ− 4m2t )
+
2
sˆ− 4m2t
[A0(m
2
t )− A0(M2)] +
1
2(sˆ− 4m2t )2
B0(sˆ
2, m2t , m
2
t )
[16m4t + (16M
2 − 16m2t + 14sˆ)m2t − 8m2t sˆ− sˆ2 − 2m2t sˆ+ 2M2sˆ]
1
2(sˆ− 4m2t )2
B0(m
2
t ,M
2, m2t )[−32m4t + (32m2t − 32M2 − 6sˆ2)m2t + 8m2t sˆ− 2sˆ(m2t −M2)]
+
1
2(sˆ− 4m2t )2
C0(0, m
2
t , p1p2s, m
2
t , m
2
t ,M
2)[48m6t + (32m
2
t − 32M2 − 6sˆ)m4t
+(32m3t + 32mtM
2 − 24mtsˆ)m3t + (16m4t + 20M2sˆ+ 16M4 − 28m2t sˆ+ 2sˆ2
−32m2tM2)m2t + (4mtsˆ2 − 8m3t sˆ+ 8mtM2sˆ)mt + 2m2t sˆ+ 2m4t sˆ
+2M4sˆ− 4m2tM2sˆ]}+ 1}, (25)
Bb =
gV g
∗
V
16π2
{ mt
sˆ− 4m2t
+
1
mt(sˆ− 4m2t )
[A0(m
2
t )− A0(M2)] +
1
(sˆ− 4m2t )2
B0(sˆ, m
2
t , m
2
t )
[2m3t − 8m3t + (−6m2t + 6M2 + sˆ)mt + 2mtsˆ] +B0(m2t ,M2, m2t , )
1
mt(sˆ− 4m2t )2
[6m4t + (10m
2
t − 10M2 − sˆ)m2t − 2m2t sˆ+ (M2 −m2t )sˆ]
16
− 2
(sˆ− 4m2t )2
C0(0, m
2
t , p1p2s, m
2
t , m
2
t ,M
2)[5m5t + (2m
2
t + 2M
2 − sˆ)m3t
−(4m2t − 4M2 + sˆ)m3t ] + [−3m4t +m2t (6M2 + sˆ)− 3M4 − 2M2sˆ]mt
+mt(m
2
t −M2)sˆ}+
gAg
∗
A
16π2
{ mt
sˆ− 4m2t
+
1
mt(sˆ− 4m2t )
[A0(m
2
t )−A0(M2)]
+B0(sˆ, m
2
t , m
2
t )
1
(sˆ− 4m2t )2
[2m3t + 8m
3
t + (−6m2t + 6M2 + sˆ)mt − 2mtsˆ]
+B0(m
2
t ,M
2, m2t , )
1
mt(sˆ− 4m2t )2
[−10m4t + (10m2t − 10M2 − sˆ)m2t + 2m2t sˆ
+(M2 −m2t )sˆ]− C0(0, m2t , p1p2s, m2t , m2t ,M2)
2
(sˆ− 4m2t )2
[−3m5t + (2m2t + 2M2
−sˆ)m3t − (4m2t − 4M2 + sˆ)m3t ] + [−3m4t +m2t (6M2 + sˆ)− 3M4 − 2M2sˆ]mt
−mt(m2t −M2)sˆ}}, (26)
Cb = −gV g
∗
A
16π2
{−1 + 1
sˆ− 4m2t
(4m2t − 2M2 + sˆ)B0(sˆ, m2t , m2t )− B0(m2t ,M2, m2t )
(
2
sˆ− 4m2t
)(4m2t +M
2)− 2
sˆ− 4m2t
C0(0, m
2
t , p1p2s, m
2
t , m
2
t ,M
2)(4m2t +M
2)
[2m4t − (2m2t + 2M2 + sˆ)m2t +M4 − 2m2tM2 +m2t sˆ]}. (27)
A3. Form factors appearing in Mc
Ac =
1
16π2
1
4(p21 + p1 · p2)
{(g2A + g2V )[(B0(0, m2t , m2t )−B0(p1p2s, m2t ,M2))(2m2t −M2)]
+2(p21 + p1 · p2)(−1 +B0(p1p2s, m2t ,M2)− 4C0(0, m2t , p1p2s, m2t , m2t ,M2)m2t )}
−δZV , (28)
Bc = − 1
16π2
1
4[m2t − 2(p22 + p2 · p1)](p22 + p2 · p1)2
(g2A + g
2
V ){(B0(0, m2t , m2t )
−B0(p1p2s, m2t ,M2))(2m2t −M2)m2t − 2[2B0(p1p2s, m2t ,M2)m2t − B0(m2t , m2t ,M2)
m2t − 2B0(p1p2s, m2t ,M2)M2 + 2B0(m2t , m2t ,M2)M2 +m2t +B0(p1p2s, m2t ,M2)m2t
−B0(m2t , m2t ,M2)m2t − 2C0(0, m2t , p1p2s, m2t , m2t ,M2)m4t + A0(m2t ) + A0(M2)]
(p21 + p1 · p2) + 4(1 + 2C0(0, m2t , p1p2s, m2t , m2t ,M2)m2t )(p22 + p2 · p1)2}, (29)
17
Cc =
1
16π2
1
(p21 + p1 · p2)[m2t − 2(p21 + p1 · p2)]mt
{(B0(p1p2s, m2t ,M2)− B0(m2t , m2t ,M2))
m2t (2m
2
t −M2)gAgV + 2(B0(m2t , m2t ,M2)m2t −B0(m2t , m2t ,M2)M2
−B0(p1p2s, m2t ,M2)m2t +B0(m2t , m2t ,M2)m2t −A0(m2t ) + A0M2)
(p21 + p1 · p2))}, (30)
Dc =
1
16π2
−1
2[m2t − 2(p22 + p2 · p1)](p22 + p2 · p1)2
[(B0(0, m
2
t , m
2
t )−B0(p1p2s, m2t ,M2))
m2t (2m
2
t −M2)− 2(B0(0, m2t , m2t )m2t − 2B0(p1p2s, m2t ,M2)m2t − B0(0, m2t , m2t )M2
+2B0(p1p2s, m
2
t ,M
2)M2 −m2t +B0(0, m2t , m2t )m2t −B0(p1p2s, m2t ,M2)m2t
−2C0(0, m2t , p1p2s, m2t , m2t ,M2)m4t + A0(m2t )−A0(M2)]gAgV
(p22 + p2 · p1)2, (31)
Ec =
1
16π2
−1
2(p21 + p1 · p2)
{−2(B0(p1p2s, m2t ,M2)−B0(m2t , m2t ,M2))(g2A − g2V )mt
+
1
m3t − 2mt(p21 + p1 · p2)
[(g2A + g
2
V )((B0(p1p2s, m
2
t ,M
2)−B0(m2t , m2t ,M2))
m2t (2m
2
t −M2) + 2(B0(m2t , m2t ,M2)m2t − B0(m2t , m2t ,M2)M2 −B0(p1p2s, m2t ,M2)
m2t −B0(m2t , m2t ,M2)m2t −A0(m2t ) + A0(M2))(p21 + p1 · p2)))]}, (32)
Fc =
1
16π2
−1
2(p21 + p1 · p2)
{gAgV [(B0(p1p2s, m2t ,M2)− B0(m2t , m2t ,M2))(2m2t −M2)
+2(−1 +B0(p1p2s, m2t ,M2)− 4C0(0, m2t , p1p2s, m2t , m2t ,M2)m2t )(p21 + p1 · p2)]}
−δZA, (33)
Gc =
1
16π2
{C0(0, m2t , p1p2s, m2t , m2t ,M2)(g2A − g2V )mt −
1
2(p21 + p1 · p2)
(B0(0, mt, mt)
−B0(p1p2s, m2t ,M2))(g2A + g2V )mt, (34)
Hc =
1
16π2
1
(p21 + p1 · p2)
[gAgV (B0(p1p2s, m
2
t ,M
2)− B0(m2t , m2T , m2))mt]. (35)
Where p1p2s = mt− 2(p21+ p1 · p2) for the off-shell t¯ quark and p1p2s = mt− 2(p22+ p2 · p1)
for the off-shell t quark.
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A4. Form factors appearing in Me
Ae =
1
16π2
−1
4(p22 + p2 · p1)
{(g2A + g2V )[(B0(m2t ,M2, m2t )−B0(p1p2s,M2, m2t ))(2m2t −M2)
+(2− 2B0(p1p2s,M2, m2t ) + 4C0(m2t +M2)(m2t , 0, p1p2s,M2, m2t , m2t ))
1
(p22 + p2 · p1)
]} − δZV , (36)
Be =
1
16π2
1
4[m2t − 2(p22 + p2 · p1)](p22 + p2 · p1)2
{[(B0(m2t ,M2, m2t )− B0(p1p2s,M2, m2t ))
(2m2t −M2)m2t − 2(B0(m2t ,M2, m2t )m2t − B0(p1p2s,M2, m2t )m2t − B120 M2
−B0(p1p2s,M2, m2t )M2 −m2t +B0(m2t ,M2, m2t )m2t − B0(p1p2s,M2, m2t )m2t
−2C0(m2t , 0, p1p2s,M2, m2t , m2t )m4t −A0(m2t )− A0(M2))(p22 + p2 · p1)
−4(1 + 2C0(m2t , 0, p1p2s,M2, m2t , m2t )m2t )(p22 + p2 · p1)2](g2A + g2V )}, (37)
Ce =
1
16π2
−1
mt[m2t − 2(p22 + p2 · p1)](p22 + p2 · p1)
{gAgV [(B0(m2t ,M2, m2t )
−B0(p1p2s,M2, m2t ))(2m2t −M2)m2t − 2(B0(m2t ,M2, m2t )m2t − B0(m2t ,M2, m2t )M2
+A0(M
2) +B0(m
2
t ,M
2, m2t )m
2
t − B0(p1p2s,M2, m2t )m2t −A0(m2t ))
(p22 + p2 · p1)]}, (38)
De =
1
16π2
−1
2[m2t − 2(p22 + p2 · p1)](p22 + p2 · p1)2
{[(B0(m2t ,M2, m2t )− B0(p1p2s,M2, m2t ))
(2m2t −M2)m2t − 2(B0(m2t ,M2, m2t )m2t − B0(p1p2s,M2, m2t )m2t
+B0(m
2
t ,M
2, m2t )M
2 +B0(p1p2s,M
2, m2t )M
2 −m2t +B0(m2t ,M2, m2t )m2t
−B0(p1p2s,M2, m2t )m2t − 2C0(m2t , 0, p1p2s,M2, m2t , m2t )m4t + A0(m2t )−A0M2))
(p22 + p2 · p1)− 4(1 + 2C0(m2t , 0, p1p2s,M2, m2t , m2t )m2t )(p22 + p2 · p1)2]gAgV }, (39)
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Ee =
1
8π2
C0(m
2
t , 0, p1p2s,M
2, m2t , m
2
t )2g
2
Vmt + [(−g2Amt − 3g2Vmt)(B0(m2t ,M2, m2t )− B0
(p1p2s,M
2, m2t )− 2C0(m2t , 0, p1p2s,M2, m2t , m2t )(p22 + p2 · p1))]
+
1
16π2
1
(p22 + p2 · p1)
{(g2A + g2V )mt[B0(m2t ,M2, m2t )− B0(p1p2s,M2, m2t )
+
B0(m
2
t ,M
2, m2t )(−M2) + A0(m2t ) + A0(M2)
2m2t
+2C0(m
2
t , 0, p1p2s,M
2, m2t , m
2
t )(p
2
2 + p2 · p1)
+
−A0(m2t ) + A0(M2) +B0(p1p2s,M2, m2t )(−M2 + 2(p22 + p2 · p1))
2[m2t − 2(p22 + p2 · p1)]
]}, (40)
Fe =
1
32π2(p22 + p2 · p1)
{gAgV [(B0(m2t ,M2, m2t )−B0(p1p2s,M2, m2t ))(2m2t −M2) + 4C0
(m2t , 0, p1p2s,M
2, m2t , m
2
t )(m
2
t +M
2)(p22 + p2 · p1) + (2− 2B0(p1p2s,M2, m2t )]}
−δZA, (41)
Ge =
mt
32π2(p22 + p2 · p1)
(B0(m
2
t ,M
2, m2t )−B0(p1p2s,M2, m2t ))(g2A + g2V ) + (p22 + p2 · p1)
2C0(m
2
t , 0, p1p2s,M
2, m2t , m
2
t )mt(g
2
A − g2V ), (42)
He =
1
16π2
1
(p22 + p2 · p1)2
gAgVmt[2(B0(m
2
t ,M
2, m2t )− B0(p1p2s,M2, m2t ))m2t
+(B0(m
2
t ,M
2, m2t )− B0(0, m2t , m2t )− 2C0(m2t , 0, p1p2s,M2, m2t , m2t )M2)M2(p2 · p1
+p22) + 2C0(m
2
t , 0, p1p2s,M
2, m2t , m
2
t ) +B0(p1p2s,M
2, m2t )]. (43)
A5. Form factors appearing in Mi
Ai = 4gVmt{[m2t − (p1 + p2)2 + (p21 + p1 · p2)]C0(p21, (p2 − p1)2, 0, m2t , m2t )
[(p1 − 3p2)(p2 − p1)]C12(p21, (p2 − p1)2, 0, m2t , m2t )− (3p21 + p1 · p2)
C11(p
2
1, (p2 − p1)2, 0, m2t , m2t ) + 2(p1 · p2 − p21)C11(p21, (p2 − p1)2, 0, m2t , m2t )
C12(p
2
1, (p2 − p1)2, 0, m2t , m2t )− p21C211(p21, (p2 − p1)2, 0, m2t , m2t ), (44)
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Bi = 16mtgVC22(p
2
1, (p2 − p1)2, 0, m2t , m2t ), (45)
Ci = 8mtgV [2C23(p
2
1, (p2 − p1)2, 0, m2t , m2t )− C12(p21, (p2 − p1)2, 0, m2t , m2t )], (46)
Di = 8mtgVC12(p
2
1, (p2 − p1)2, 0, m2t , m2t ), (47)
Ei = 16mtgVC12(p
2
1, (p2 − p1)2, 0, m2t , m2t ), (48)
Fi = −16mtgVC11(p21, (p2 − p1)2, 0, m2t , m2t ), (49)
Gi = 8mtgVC0(p
2
1, (p2 − p1)2, 0, m2t , m2t ), (50)
Hi = −4imtgAC0(p21, (p2 − p1)2, 0, m2t , m2t ), (51)
Ii = −4mtgVC0(p21, (p2 − p1)2, 0, m2t , m2t ), (52)
Ji = 4imtgAC0(p
2
1, (p2 − p1)2, 0, m2t , m2t ). (53)
A6. The counterterms δZV , δZA, and δmt
δZA =
1
16π2
gAgV
m2t
[A0(M
2)− A0(m2t ) + (2m2t −M2)B0(m2t ,M2, m2t )], (54)
δZV =
1
16π2
g2A + g
2
V
2m2t
[A0(M
2)−A0(m2t ) + (2m2t −M2)]
B0(m
2
t )(m
2
t ,M
2, m2t ) +
1
16π2
[(g2A + g
2
V )(M
2 − 2m2t )
−(g2A − g2V )2m2t ]B
′
0(m
2
t ), (55)
δmt = − 1
16π2
[(4m2t −M2)(g2A + g2V )]B
′
0(m
2
t ) +
1
16π2m2t
{(g2A + g2V )[A0(M)2 −A0(m2t )] + [(g2A + g2V )
(m2t −M2) + (g2A − g2V )m2t ]B0(m2t ,M2, m2t )}. (56)
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